Auditors increasingly employ technologies to improve audit quality. In this paper, we compare using drones and automated counting software with traditional inventory-counting techniques to examine how these new technologies can influence audit quality. We assess three dimensions of audit quality-efficiency, effectiveness, and quality of audit documentation. We provide evidence that auditors can perform inventory counts with these technologies 1,413 to 3,474 percent faster than they can with manual techniques, while decreasing error rates by as much as 487 percent, and providing higher-quality audit documentation. We also find that drone technology quality, inclement weather, and lack of experience operating drones can attenuate the benefits of employing drones in inventory counts. Collectively, our results provide evidence that drones can improve audit quality. Finally, based on interviews with national-level partners and individuals involved in the audit standard setting process, we find that there is demand for regulatory guidance in this domain.
I. INTRODUCTION
Auditors are employing new technologies to improve the efficiency and effectiveness of audits (PCAOB 2016) . For example, audit firms are now using data and analytics technologies to automate substantive audit testing (Austin, Carpenter, Christ, and Nielson 2018) , and are using robotic process automation software (i.e., bots) to reduce the number of hours that auditors dedicate to repetitive and mundane tasks (Cooper et al. 2019) . In recent years, the Federal Aviation Administration relaxed regulations governing the commercial use of unmanned aircraft systems, commonly referred to as "drones" (e.g., see Pasztor 2016) . This has prompted audit firms and audit regulators to explore the capabilities of drones in audit and advisory services (PWC 2016; Harris 2016; EY 2017; Applebaum and Nehmer 2017; Baker Tilly 2018) . As described by PCAOB board member Steven Harris, "[accounting] firms are exploring the use of drones to conduct inventory observation,…[but] the extent to which the actual quality of the audit can be enhanced by the increased use of technology tools is still unclear" (Harris 2016 ).
Thus, whether using drones as an auditing tool can add value to the audit process is an empirical question that can best be answered by employing the technology in an auditing context. To this end, we employ drones and automated counting software in two audits of commodity assets. We compare this technology-supplemented audit approach with more traditional audit approaches on three dimensions of audit quality-efficiency, effectiveness, and quality of audit documentation.
We supplement our empirical results with interviews with national-level audit firm partners and audit regulators to gain insight on the need for regulatory guidance in this emerging area.
Understanding how drones and automated counting software could impact audits of inventory is important for several reasons. First, inventory is an important asset in companies, especially in agriculture and mining companies. For example, PWC estimates that agricultural and mining companies alone spend over $36 billion annually in labor and services to manage and verify their inventory (PWC 2016) . Second, the inventory account is often a high risk account, subject to errors and fraud (Hylas and Ashton 1982; Ham, Losell, and Smieliauskas 1985; Wright and Ashton 1989; Maletta and Wright 1996; Messier, Eilifsen, and Austen 2004; PCAOB AS 2401) . At the same time, traditional audit procedures such as inventory observation " [detect] very few errors even in the manufacturing and merchandising industries despite the fact that these are required procedures," suggesting traditional audit procedures in this domain are inefficient and ineffective (Maletta and Wright (1996) , p. 81; see also Messier et al. 2004 ). Third, although audit regulators have acknowledged emerging drone technology (PCAOB 2016), they have not offered authoritative guidance on its use in audits. Current auditing standards require auditors to personally observe physical inventory counts (PCAOB AS 2510), but standards do not specify whether drones with image capturing abilities, especially using remote or automated pilots, fulfill this requirement.
To conduct our research, we follow a design-science research approach (e.g., see Hevner et al. 2004; Aken 2005; Peffers et al. 2007 ).
1
Accounting research has recently drawn sharp criticism for its lack of relevance to practice and impact in society (e.g., see Granof and Zeff 2008; McCarthy 2012; Waymire 2012; Wood 2016; Burton et al. 2019) . Much of this criticism echoes similar critiques about business research in general-that the research is disconnected from practice (Bennis and O'Toole 2005) and that researchers and reviewers underweight practical usefulness when assessing the contribution of papers (Corley and Gioia 2011; Wood 2016) . The design science approach-similar to research methodology used by engineers, 1 The design science methodology requires authors to investigate a practice relevant idea, determine criteria for measuring improvement in this area, create an "artifact" (i.e., a product, process, algorithm, methodology, etc.) that may improve practice, test the artifact against the criteria, iterate until the artifact shows acceptable performance, and then communicate results to relevant stakeholders. computer scientists, and information system scientists-seeks to address these criticisms by encouraging researchers to identify specific problems that are relevant to practice and to develop and demonstrate systematic solutions to those problems (Aken 2005) .
The objective of our study is to compare audit quality-in terms of efficiency, effectiveness, and audit documentation-using traditional auditing techniques relative to technology-supplemented audit techniques. To accomplish this, we design and test a process whereby an auditor flies a drone over agricultural assets and captures images of those assets. The auditor then ensures that the captured images are (1) mutually exclusive (to ensure existence) and (2) collectively comprehensive (to ensure completeness). Next, the auditor submits the images to software that uses machine-learning based algorithms to count the assets. Finally, the auditor reviews the images to verify the counting algorithm correctly identified the assets and follows up with the client on any discrepancies.
We test the use of drone and automated counting technology in two settings. In the first setting, we count a herd of sheep just before the herd is counted manually by the company's employees. Results provide evidence that the technology-supplemented counting process requires 400 percent less time than the manual count, but that accuracy was more variable (depending on who reviewed the images) than the manual count. Thus, the technologysupplemented counting process appears to improve the efficiency of the process but is relatively less effective in accurately counting the assets. We conjecture that the lower accuracy in counting was likely caused by older drone technology that was susceptible to performance degradation in high winds and rendered relatively poor-quality images that made it difficult to distinguish assets in the images.
In the second setting, we test the drone-counting process on cattle in a feedlot. We improve upon our first test by using more advanced drone technology, which enabled the automated software to perform more accurate counts. We compare the technology-supplemented counting process with (1) manual counts performed by the company's internal auditing team and (2) a reconciled count from the company's perpetual inventory system. Together, these two comparisons provide strong candidates for benchmarking accuracy of the technologysupplemented counts. In this second setting, certified drone pilots perform the drone-imaging process twice, so we can observe the impact of learning. Results from the first technologysupplemented count provide evidence that the drone and automated counting process can reduce error rates relative to the manual count by 487 percent and can count assets 1,413 percent faster than traditional methods. In particular, the manual process required 70 employee hours to count approximately 10 percent of the cattle on the feedlot. The technology-supplemented count required 45 hours to count 100 percent of the cattle.
Results from a partial replication of the technology-supplemented counting process at the cattle feedlot, provide evidence that the technology-supplemented counting process can be performed 3,474 percent faster than the manual counting process while still maintaining lower error rates. That is, two auditors recounted 22 percent of the cattle in less than five hours the following day-suggesting they could have counted 100 percent of the cattle in approximately 19 hours. Thus, results from the cattle setting provide evidence that the technologysupplemented counting process can substantially improve audit quality in terms of the efficiency and effectiveness with which auditors count commodity assets, especially when auditors perform 2 Our choice to sample 22 percent of the cattle was based on how much time we had remaining at the feedlot and our desire to analyze approximately twice what the internal audit group had previously counted. the process with more advanced drone technology and have some experience with the technology.
Finally, to provide evidence on the quality of audit documentation produced by technology-supplemented inventory counts and to gain insight on the future development of drones and automated counting software in auditing, we conducted seven interviews with experts and standard setters. In particular, we interviewed three audit partners from the national offices of two Big 4 auditing firms, two former members of the Auditing Standards Board for the AICPA, and two current members of the Standing Advisory Group for the PCAOB.
Interviewees unanimously agreed that the quality of evidence for the drone and automated counting technologies was superior to that of the traditional inventory approaches. In addition, all interviewees indicate that authoritative guidance would be useful in expanding the adoption of drone and automated counting technologies. However, while the audit partners we interviewed believe current standards might allow for the use of these technologies, they expressed concern about legal and regulatory risk-especially in environments where other firms have not extensively adopted such technologies. In contrast, interviewees affiliated with standard setting bodies believe that current auditing standards clearly allow the technology-supplemented process examined in this paper. However, these interviewees acknowledged that firms would be more willing to adopt and use the technology if guidance were provided to protect the firms from both legal and regulatory risk. This general sentiment is consistent with beliefs held by practitioners and standard-setters regarding the use of emerging technologies during the audit process and echoes the concern that the lack of clear guidance on the use of technology-enabled audit techniques is inhibiting adoption throughout the audit process (see Austin et al. 2019 ).
Our paper contributes to practice and the audit literature in two key ways. First, our paper identifies and tests a systematic process that improves audits of inventory. Our results highlight how implementing this process can lead to improvements in audit quality by improving the efficiency, effectiveness, and documentation quality of the inventory process. This should be of interest to companies and audit firms who wish to use these types of technology for inventory management and verification. Our results should also be of interest to audit regulators, who may wish to provide authoritative guidance on the acceptability of drones and automated software in audits. Second, our paper contributes to a growing body of literature that investigates how audit firms are using new technologies to improve the efficiency and effectiveness of audits (e.g., see Earley 2015; Barr-Pulliam et al. 2017; Gepp et al. 2018; Rose et al. 2017; Pickard et al. 2018; Cooper et al. 2019) . Our results suggest that drone and automated counting technology may help audit firms improve audit quality via improvements in the efficiency, effectiveness, and documentation quality of their audits.
The remainder of our paper proceeds by following the basic design science methodology.
Section 2 discusses the importance of the problem and the motivation for conducting the study.
Section 3 discusses the objectives of the solution and measures of effectiveness. Section 4 discusses the design of our artifact. Section 5 and Section 6 evaluate the performance of the artifact in two different contexts, counting sheep and cattle, respectively. In Section 7, we discuss institutional barriers to implementing the solution. We conclude in Section 8.
II. PROBLEM IDENTIFCATION AND MOTIVATION
Recent advancement in the availability of data and the sophistication of data analysis tools has spurred innovation throughout the audit process. The auditing profession has begun exploring the use of new technologies at various steps throughout the audit process with the end goal of improving audit quality, while increasing audit efficiency. For example, many audit firms now use "big data" technologies to improve risk assessment and to automate substantive and controls testing (e.g., see Earley 2015; Barr-Pulliam et al. 2017; Gepp et al. 2018; Rose et al. 2017) . Firms have also started using robotic process automation software (i.e., bots) to reduce the number of hours that auditors dedicate to repetitive and mundane tasks (Cooper et al. 2019) .
Although these new technologies offer the auditing profession exciting opportunities, they also present unique challenges. As a result, many scholars have called for research that examines the costs, benefits, and regulatory oversight needed for such technologies to be employed in audits (e.g., see Alles 2015; Earley 2015; Griffin and Wright 2015; Yoon et al. 2015; Gepp et al. 2018; Richins et al. 2017) .
One emerging technology that merits evaluation is the use of unmanned aircraft systems, in conjunction with automated counting technology. In 2016, the Federal Aviation Administration relaxed regulations governing the commercial use of unmanned aircraft systems, commonly referred to as "drones" (e.g., see Pasztor 2016) . Audit firms have responded to these regulations by exploring the use of drones in audit and advisory services (PWC 2016; EY 2017; Applebaum and Nehmer 2017) . Although audit firms have explored the use of drones in auditing, we are not aware of any firm that has implemented drones as a primary method for gathering audit evidence in a live audit setting. Instead, they continue to rely primarily on sample inventory counts performed manually by staff auditors.
In this paper, we examine how drones, in conjunction with automated counting software, can improve the inventory audit process. We conduct our tests by performing inventory counts of agricultural assets, specifically sheep and cattle. We chose the agricultural setting for several reasons.
3 First, inventory is a significant asset for many agricultural companies. Indeed, PWC (2016) estimates that agricultural and mining companies spend as much as $36 billion on labor and services for inventory management. 4 Second, sheep and cattle are relatively large assets that are generally dispersed across wide areas and non-stationary, making them difficulty to count manually. At the same time, technology can overcome dispersion and non-stationarity issues by capturing detailed images from higher altitudes. Third, these animals are homogenous, making it less important to uniquely identify each animal in a photo.
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Although in this study we limit our tests to agricultural settings, the protocol we develop in this setting could generalize, with some adjustments, to other settings, such as inventory warehouses. Below we provide background on current practices for counting inventory in this setting.
Current Practice for Counting Sheep
We test the use of drone and automated counting technology in two settings. The first setting is a sheep ranch, where sheep are raised for their meat and wool. Ranchers count the sheep at several points during the sheep's lifetime. Specifically, when sheep are purchased, they arrive on large trucks and are counted as they are herded into a pen. The herding requires the sheep to pass individually through a gate, so the count is deemed to be highly reliable. The count must also match the shipping documents or there is a negotiation with the company that shipped the sheep to reconcile any differences. For sheep born on the ranch, when the new lambs are old 3
As discussed later in the paper and by Applebaum and Nehmer (2017) , audit firms are working on technology that would allow the use of drones in indoor settings such as warehouses, but that technology is still in its infancy. 4 Most companies invest considerable resources into managing their inventory (Singh 2008; Feng et al. 2015; PWC 2016) . PWC (2016) estimates that companies spend as much as $127.3 billion on labor and services related to inventory management. Feng et al. (2015) provide evidence that these investments ultimately pay off-companies with better controls over inventory (including controls over inventory identification and tracking) have higher sales and profitability and fewer audits with material weaknesses. enough, they are placed in a pen away from their mothers and carefully counted. The counting is again done one sheep at a time. In both cases, the sheep are tagged and immunized as necessary.
Once counted, the sheep are taken to pasture. Pasture lands differ in the summer and winter, and the sheep are routinely moved to the appropriate grazing lands for the season. Once a year, as the sheep are taken from winter pasture to summer pasture, employees count the entire flock. To count the sheep, the sheep are herded through a break in a fence. The fence is wide enough for about 10-15 sheep to pass through at the same time. Two ranch employees (i.e., the shepherds) stand on each side of the gate and count as the sheep pass through. An additional three ranch employees and their sheep dogs are necessary to herd the sheep through the gate, as the sheep are very skittish and prone to running away. These additional employees also try to manage the sheep so that they pass through the gate in small numbers that are easy to count. If too large a group of sheep pass through the gate at one time it is more difficult to perform an accurate count.
The shepherds use a piece of twine (rope used to bind hay) to keep track of their count.
After each 100 sheep counted, they put a knot in the twine. They tally the knots at the end of the process to calculate the full count. Based on discussion with the shepherds, this counting process is difficult for four reasons. First, the sheep tend to herd together and want to go through the gate in large groups, making it difficult to identify each sheep that passes through. Second, the sheep are often scared and run quickly through the gate, again making it difficult to identify each sheep that passes through the gate. Third, the count cannot be reperformed as the sheep herd is large (approximately 3,000). Finally, the process is subject to elements of nature (e.g., blowing dust, mud, rain, etc.), which can inhibit the effectiveness of the manual count.
We observed the manual count of the sheep as the sheep where herded from winter pasture to summer pasture. The count we observed took approximately 55 minutes and required 5 ranch employees-a total of 275 minutes to count approximately 3,074 sheep. Furthermore, the two employees counting the sheep arrived at very different numbers. Specifically, the two counters initially reported counts of 3,063 sheep and 3,181 sheep. After hearing the initial count, the employee with a count of 3,181 re-evaluated his knots and determined that one knot was a mechanical knot previously tied in the twine by a baler.
For the count we observed, the company's best estimate is that the maximum possible number of sheep was 3,074. This figure was based on a count performed previously when the sheep had been taken to winter pasture, which had totaled 3,080 sheep. Over the course of the winter, employees found the bodies of six deceased sheep. It is not possible to determine if other sheep wandered away or were killed. Further, it is very unlikely that additional sheep were added to the herd.
Current Practice for Counting Cattle
The second setting we examine is a cattle feedlot. This feedlot has a specific process for maintaining accurate counts of their cattle. The feedlot receives new cattle several times a week.
The cattle are shipped via truck to the feedlot from various North American locations. Upon arriving at the feedlot, the cattle are manually counted as they are unloaded from the truck and put in a temporary holding pen. From the holding pen, the cattle are run through a chute individually. Each cow is inspected to assess its health; it is then vaccinated and tagged. During this process the cows are counted again to ensure that the number received matches the shipping documents. The cattle are then assigned to a pen, where they stay an average of 170 to 270 days before being shipped to the processing plant.
Typically, cattle remain in the same pen for the duration of their stay at the feedlot. Each pen typically contains between 50 and 250 head of cattle. The cattle are monitored by cowboys who ride through each pen daily. If a cowboy discovers a sick or injured cow he will move it to an isolated "hospital" pen. This is a temporary pen that allows closer monitoring and isolates the sick cow from others. Rarely, a cow will die, in which case its carcass is removed from the pen and disposed. The cowboys are supposed to manually update inventory records daily to note any cattle movement for sickness and death-although management notes that cowboys can often be delayed in updating records. When the cattle reach maturity, they are loaded onto a truck and counted individually once more. When this count does not match the count in the system, cowboys examine nearby pens to search for missing cattle (they use numbers on tags affixed to the cow to note which cows belong to which pens). Cattle can sometimes escape their pen by climbing under, jumping over, or sneaking out through a fence that was not closed properly. The feedlot reports that they are almost always able to locate missing cattle. Finally, the cattle are shipped to a processing plant where they are carefully counted by the recipient during processing.
Annually, the feed yard conducts an audit that is performed by internal and external auditors. During this process, auditors select a random set of pens for counting. To count the cattle in each pen, all of the cattle are herded through an alley by cowboys (an alley is a fenced path between two pens), and the auditors count the cattle as they go by. The alleys are small enough that only about 4-5 cows are able to pass through at a time. The auditors count the passing cows, and if they agree with each other at the end of counting a pen, the count for that pen is finished. If they do not agree, then the cattle are run through the alley again for another count. 6 Counting cattle entails several challenges and risks. First, counting cattle is extremely time consuming due to the sheer number of cattle-32,638 cows were onsite at the feedlot when we visited and full capacity exceeds 65,000. Second, this process entails risks to the cattle because moving them puts them at risk for injury and causes stress, resulting in lower weight gain. Third, there is a risk of injury to the employees who are involved in the count, as the auditors are required to be in the pen with the moving cattle. Fourth, manually counting cattle is also subject to the elements (e.g., wind, cold), which can limit when the counts can be conducted and make the counts more time consuming and difficult.
III. DEFINING THE OBJECTIVES OF THE SOLUTION
Auditing Standard 2510 provides regulatory guidance for audits of inventories. The standard states that "it will always be necessary for the auditor to make, or observe, some physical counts of the inventory and apply appropriate tests of intervening transactions" (2510.12). The purpose of physically counting inventory is to provide evidence about the existence (all inventory exists and is real) and completeness (all inventory owned is reported) of inventory (Messier et al. 2016) . Other tests are conducted to provide evidence on other audit assertions. We aim to improve inventory counting on three dimensions of performanceeffectiveness, efficiency, and quality of documentation. We define each of these dimensions below.
To measure effectiveness, we compare the accuracy of the technology-supplemented counting process with the accuracy of the process that the companies currently use. Specifically, 6 We were also told by the internal auditors that cowboys occasionally request another count if the count does not match the computer system, as incorrect counts reflect poorly on the cowboys' performance.
we use the company's physical counts and, in the case of the cattle feedlot, perpetual inventory record as a benchmark for accuracy, assuming those records provide the best possible estimate of the true number of commodity assets. We then compute error rates for both the technologysupplemented process and the manual counting process currently used by the company. Finally, we compare error rates across methodologies.
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To measure efficiency, we time how long it takes to perform the inventory counts under the technology-supplemented process and under the manual process. We calculate time per unit of inventory, as the drone-counting process allows us to count more cattle than were counted manually by the company. Lower times indicate more efficient inventory counts.
Finally, to measure the quality of documentation produced by the two methodologies, we ask experienced auditors and individuals involved in the auditing standard setting process to evaluate reports produced by the two methodologies and opine on which report is of higher evidentiary quality.
IV. DESIGNING AND DEVELOPING THE ARTIFACT
Applebaum and Nehmar (2017) provide a framework for using drones as audit tools.
They argue that drones could be employed to physically inspect and observe inventory, but they do not provide specific guidance on how that might be accomplished. Individual board members at the PCAOB also note that drones might improve the efficiency of physical inventory counts, but again do not provide specific guidance on how that might be accomplished (PCAOB 2016 (PCAOB , 2017 . Thus, although prior literature and current regulatory guidance acknowledges that drones could potentially be used to count inventory, it provides little insight on how to do so.
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Because the client's count could be inaccurate, we also examine accuracy relative to the photographic evidence that we capture with the drone. Specifically, the images capture 100 percent of the population of assets, allowing us to manually create a benchmark for accuracy.
We design a four-step process to count agricultural assets that uses drone and automated counting technology. An overview of this process can be seen in Figure 1 . We follow the same four-step process for counting the sheep and the cattle.
(Insert Figure 1 about here) First, we fly a drone over the animals and systematically capture images. For the sheep, we captured images while the sheep were being moved from winter pasture to summer pasture.
We used a DJI Phantom 3 Advanced drone. For the cattle, we captured a still (photographic) image of every pen containing cattle. For counting the cattle, we used a more advanced DJI Mavic Pro drone.
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In both cases, the drone was unobtrusive and did not bother the animals. Importantly, if a drone is flown for research or business purposes, the pilot must be certified by the FAA. The authors who captured the drone images had completed the requisite certification process and were thus legally able to perform this task. We note that drone flying certification is a necessary condition that slightly complicates this process for future external audit testing.
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Second, we manually process each image to ensure that the images are mutually exclusive (to ensure existence) and collectively comprehensive (to ensure completeness). To do this, we crop images to include only the relevant assets. For the sheep, we selected the highest 8 The DJI Mavic Pro was originally released in 2016, but updated several times since then, and has a retail price of approximately $800 to $1,000. It boasts better battery power (e.g., longer flight time of approximately 27 minutes) and 4.3 mile flight range than the DJI Phantom 3. 9 We tested the height at which the drone would bother animals. We noted that the animals did not seem concerned when the drone was 10-15 feet above them. Given that we took almost all of our images at more than 200 feet above the animals, it is unlikely that they even noticed the drone. 10 We note that certification is not particularly difficult. After study for part of one to two weeks, both author-pilots were able to pass the multiple-choice certification exam easily. Certification exams are conducted at flight centers around the country and the cost is approximately $150. Certification lasts for 2 years and then the pilots must retake the exam. See https://www.faa.gov/uas/commercial_operators/become_a_drone_pilot/ for more information. quality image from a set of 80 images that captured the entire herd.
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This image can be seen in Figure 2 . For the cattle, we captured approximately two thousand images on our initial testing.
That is, we took at least four images of every cattle pen. Third, we submit the images to software that uses machine-learning algorithms to automatically count the assets in the images. Specifically, we upload each image to the computer application developed by Countthings.com. The Countthings.com app has templates for counting different types of inventory. The app developers use machine-learning algorithms to identify typical images of different objects (e.g., pipes, cars, livestock, etc.). Users can upload any photo image to the app, and the app computes a likelihood score that identified objects are matches to the type of item the program is trying to count. The user of the app can set the sensitivity of what is counted and what is not. The user can also manually adjust the count. For this study, we used two of the pre-developed templates specifically designed to count sheep and cattle. 13 Fourth, we make manual adjustments to the preliminary count provided by Countthings.com based on physical inspection of the images. The Countthings.com app sometimes mistakes an object for a sheep/cow and sometimes does not identify an animal that is in fact an animal. For example, we found that the app would occasionally count sagebrush as 11 The highest quality image was made using professional judgment. Images were deemed to be of higher quality if they captured the entire pen, were not blurry, and did not need to be rotated. 12 We learned that this number of images was unnecessary for our purposes and thus, the second time we performed the task for a sample of the pens we captured approximately 100 images, one for each pen of cattle. 13 We used the Countthings.com software in May 2018. Given that the templates are developed by machine learning, they should continue to improve as Countthings.com trains the images with more and more data. We note that using the app requires very little training. The user uploads a picture, selects the area to count in the picture, and then the program identifies everything in that image to count. The user then can select the sensitivity with which matches are made by the algorithms and then can manually adjust the count by left/right clicking with a mouse to add/remove the counting of an object.
sheep and would sometimes not identify sheep tightly bunched together as individual sheep.
Similarly, the software would sometimes count a cow's shadow as a unique cow and would sometimes miss a cow that was a similar color to the ground beneath the cow. Because the Countthings.com app provides a tag for each animal that it automatically identified (see Panel B
of Figure 3 ), this final step entails examining each image and adding or deleting tags (this is done through left/right clicking with a mouse). Graduate students performed this step for the sheep setting, and two authors performed this step for the cow setting. Neither the students nor the authors had extensive experience with the software.
We note that the process of reviewing images was done by humans-that our solution is not a fully automated solution-human judgment is still required. Fully automating this task is beyond the scope of this paper. Future research can examine whether image selection processes and the counting algorithms can be sufficiently refined so that human review is no longer needed.
V. EVALUATION OF THE ARTIFACT USING COUNTS OF SHEEP
We use two benchmarks to evaluate the accuracy of technology-supplemented inventory counting. First, we use the count provided by inventory systems at the companies. Second, we use a special count of the animals in the images as a benchmark. To do this, two authors carefully analyzed the images multiple times. Thus, we test whether our artifact-the combination of taking images with drones and using the automated counting software-is more efficient, effective, and perceived to produce higher quality evidence than the traditional inventory counting methods used by each company. The results provide evidence that the sheepherders were, on average, more accurate than the technology-assisted counters if the initial mistaken "knot" previously described is not included in the count. The sheep herders had an average error rate of 0.16 percent compared to the technology-supplemented error rate of -0.73 percent. The technology-supplemented error rate was inflated significantly by the third student counter who had an error rate of -2.05 percent, which was five times higher than the other two student counters. Table 1 also provides evidence that the technology-supplemented counting process was much more efficient than manual counting. The shepherds in aggregate took 275 minutes to perform the count, whereas the technology-supplemented count was completed in an average total time of 54.3 minutes. This suggests that the technology-supplemented counting was 406.1 percent faster than the traditional count. In terms of scope, both methods were able to count 100 percent of the population. Overall, results from Table 1 suggest that the technologysupplemented counting process is slightly less accurate than the manual-counting process but much faster.
Following the design science methodology, we identify adjustments that might improve the accuracy of the technology-supplemented counting process for future tests. First, we used an older drone that was not capable of taking high-quality images, especially in the gusty conditions in which we conducted the count.
14 Thus, we conjecture that the counts would have been more accurate had we used drones with better technology. Second, we photographed the sheep in a field full of sage brush while the sheep were tightly packed together because they were being herded from winter to summer pasture. We conjecture that counting the sheep in a location with more homogenous terrain (e.g., a green, grassy field) and where the sheep are more spread out would also likely result in superior results. Nevertheless, these initial results are sufficiently compelling to warrant additional testing, which we performed on cattle.
VI. EVALUATION OF THE ARTIFACT USING COUNTS OF CATTLE
The results for evaluating the cattle feed yard are presented in Tables 2 and 3. Table 2 provides three comparisons. The first column reports results from a manual count performed by internal audit at the beginning of the year. The second column reports results from the technology-supplemented count performed by the authors. The third column reports a second technology-supplemented count performed by the authors, designed to test improvements based on lessons learned during the first attempts of performing the technology-supplemented counts.
Specifically, after the first day of counting cattle, the authors identified three process improvements that once implemented on subsequent days of testing, increased the efficiency and effectiveness of the cattle counts. First, the authors learned that a single drone images was generally of sufficiently high quality that it was unnecessary to take multiple images of each pen.
Thus, they could photograph far more pens per flight without downloading and analyzing the data. Second, the authors learned that the battery life of the drone was impaired by high winds, which makes the drone "work" harder to stay in position, and were able to count during better 14 We note that we only use "entry-level" drones widely available to the individual consumer. Accounting firms and businesses would likely not be as financially constrained in their purchase of drones and thus could afford to purchase much more sophisticated drones that would operate well in more conditions than we were capable of doing with our drone technology. wind conditions on the second day, also decreasing the time required to download data and switch batteries. Third, the authors found that at certain times of the day, the sun casts shadows that would likely be counted as cattle by the automated counting software. This was especially problematic for counting dark-colored cattle because shadows were mistakenly coded as cows.
On the second day of counting the authors chose to count the cattle at more appropriate times of the day when the sun was not a complicating factor. Thus, the third column presents the results of a sample of counting after the counters had basic experience performing the task. Table 2 and Table 3 
(Insert

about here)
The results for effectiveness provide evidence that the internal audit manual count had an error rate in their sample of 0.1493 percent. In contrast, the initial technology-supplemented count had an error rate of 0.0306 percent, and the subsequent technology-supplemented count had an error rate of 0.0698 percent. Thus, the technology-supplemented counts were 213.8 to 487.3 percent more accurate than the internal audit manual count.
In terms of efficiency, the internal audit team took approximately 70 hours to count a sample of approximately 10 percent of the cattle.
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Extrapolating those results to an audit of 100 percent of the cattle, an audit of the full population using this methodology would take approximately 681.2 hours.
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In contrast, the initial technology-supplemented count took 45 hours to count 100 percent of the population. With experience, the subsequent technologysupplemented count took 4.97 hours to count 22 percent of the population, which extrapolates to 19.1 hours to count the entire population. Thus, the technology-supplemented counting process was 1,380.3 to 3,473.7 faster than the manual counting process.
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This figure includes auditor and employee (i.e., cowboy) time. 16 We compute this amount by extrapolating the time the audit team took to count the sample. Table 3 provides evidence on how experience improved efficiency. Specifically, with experience we were able to reduce about 10 hours of flight time, going from 12 hours to 2.28 hours (all times discussed are the extrapolated times). With fewer images captured for each pen, we reduced the amount of time processing images from 6 hours to 4.25 hours. We reduced photo review from 26 hours to 11.53 hours.
Overall, Tables 2 and 3 suggest that the technology-supplemented counting process was slightly more accurate and much faster than the manual counting process used by the company.
We attribute the improved accuracy of the drone-counting process in this setting to the newer drone technology we used and the slightly more favorable weather conditions.
VII. INSTITUTIONAL BARRIERS TO IMPLEMENTATION
The results presented above suggest that the technology-supplemented counting process we propose in this paper can help practitioners improve both the efficiency and effectiveness of inventory counting. In this section, we present evidence from semi-structured interviews that explored why technology-supplemented counting is not more prevalent in external audits, where inventory counting is mandated by auditing standards. We conduct interviews with two main constituent groups: (1) audit partners at the national offices of Big 4 audit firms and (2) individuals currently or formerly involved in the development of authoritative auditing standards in the United States. Specifically, the interview evidence presented below comes from interviews of three audit partners at the national offices of two Big 4 auditing firms, two former members of the Auditing Standards Board for the AICPA, and two current members of the Standing Advisory Group for the PCAOB.
Interview Evidence from Big 4 National Audit Partners
Two main insights emerged from our interviews of national audit partners working on drone technologies within their firms. First, interviewees acknowledged that current auditing standards do not necessarily preclude the use of drones in external audits, but expressed a desire for additional guidance that clarifies the extent to which drones and automated software are permissible. Speaking about the permissibility of drones, one national audit partner stated: "I believe that the standards do not necessarily preclude us from conducting inventory counts using drones, assuming the right controls are put in place to ensure the accuracy of the counts and any software used, and that we have a level of control over the drone." However, this same partner acknowledged a desire for clearer guidance from standard-setters on this issue: "Standards could, and should, change to specifically address alternative methods for calculating inventory." Two other national audit partners identified the requirement that auditors be physically present for audit counts as one source of ambiguity in the standards: "[Consider] a situation where a client has assets overseas and going to those locations is impracticable but you can get a drone to go to those locations. You're not physically in attendance at that point in time, but would that be something acceptable or allowable in the PCAOB's eyes or under the AICPA standards?" Second, national audit partners expressed hesitation to implement drone technologies in audits due to concerns over litigation and regulatory risk. One national audit partner mentioned that their firm is concerned about the "liability of flying a drone at a client location and accidentally hitting someone or something." Another national audit partner explained the regulatory risks of implementing new technology in audits when no other firm has done so:
"There is a hesitation to always be the first one to try something new even though you believe it's going to [improve audit quality] . It is hard to always be the first to step out of that comfort zone."
The audit partners agreed, and thought it quite obvious, that the quality of the photographic evidence from the drone and automated software was superior to traditional methods. They noted that traditional methods usually included a short narrative and tabulations of how the process was observed and performed and thus the photographic evidence was viewed as much stronger because it could be re-analyzed and examined for errors.
Interview Evidence From Individuals Involved in Developing U.S. Auditing Standards
Two main insights emerged from our interviews of individuals currently or formerly involved in the development of authoritative auditing standards in the United States. First, interviewees argued that risk aversion plays a major role in the reluctance of Big 4 audit firms to adopt drone technologies in external audits. One former member of the Auditing Standards Board stated: "Big firms are very risk-averse, and they don't want to be first-movers. They tend to move together when there's something that's new and different. They won't go out on a limb-they'll move together." Interviewees noted several reasons for this risk aversion, some of which revolve around regulatory concerns. For example, another former member of the Auditing Standards Board stated, "There could be some hesitancy to be the first to go through the inspection process using newer techniques." Another interviewee stated: "They're worried about inspection findings and being embarrassed publicly." This interviewee also mentioned litigation risk: "If they were to [adopt drone and automated counting technologies] and they're the only ones doing it, they feel exposed [to litigation risk]."
Interviewees expressed skepticism about any purported ambiguity in the auditing standards. One interviewee stated, "I don't think there's anything currently in the standards that would prohibit [the use of drones for inventory counting]. In fact, I've heard the profession say a number of times that one of the big impediments [to introducing new technology] in the audit is the auditing standards…I'll be honest with you, I don't buy that [argument] . I don't think there's a lot in the auditing standards that would prevent firms from using new technology including drones for inventory counting." However, interviewees did acknowledge that additional guidance in the standards might encourage faster adoption of technologies, including drones. One Standard-setting interviewees also agreed with practitioners that the evidence quality was higher for the technology-supplemented counting process. One former member of the Auditing Standards Board stated, "The ability to go through those pictures and not just have the count in the tables but if you wanted to go back to the pictures and see the animals you'll be able to replicate the findings have little numbers on them. I think that's higher quality audit evidence, more persuasive audit evidence."
VIII. CONCLUSION
This paper seeks to improve audit quality by improving the efficiency, effectiveness, and documentation provided by audits of inventory. We design a four-step process for inventory counting that employs drones and automated counting software. We test our process in two settings and compare its performance relative to manual counting techniques used by most companies.
In the first setting, we test the technology-supplemented counting process on a herd of sheep just before the herd is counted manually by the company's employees. Results from this setting provide evidence that the technology-supplemented counting process produces counts that are slightly less accurate but much faster than manual counts. We attribute the lower accuracy to relatively low-quality drone images, lack of care by one of the people counting the sheep, and challenging weather conditions. In the second setting, we test the technologysupplemented counting process on cattle in a feedlot. Results from that setting provide evidence that the technology-supplemented counting process produces counts that are considerably more accurate and much faster than manual counts. Across the two settings, our results suggest that the technology-supplemented counting process can improve the efficiency and effectiveness of inventory counting, especially the auditors use drones with newer technology and have some experience flying drones. We also interviewed national-level audit partners and individuals involved (or formerly involved) with the audit standard setting process in order to understand impediments to technology-supplemented audits of inventory. Interviewees agree that additional guidance from standard setters would be beneficial, but vary in the extent to which they believe such guidance is necessary. In particular, current audit partners believe that additional guidance is necessary, while those involved in standard setting believe additional guidance is unnecessary but probably beneficial. All interviewees noted that the quality of audit documentation produced by technology-supplemented inventory audits (i.e., photographs) is superior to that produced by manual inventory audits.
Our paper contributes to practice and the audit literature in two main ways. First, our paper develops a process that can lead to improvements in the efficiency and effectiveness with which auditors count inventory. Our results should be of interest to companies, external auditors, and regulators. Second, by providing evidence that drones can improve inventory verification in audits, our paper contributes to a growing body of literature that investigates how technology has transformed internal and external audits (e.g., see Earley 2015; Barr-Pulliam et al. 2017; Gepp et al. 2018; Rose et al. 2017; Pickard et al. 2018; Cooper et al. 2019 ).
Our design-science approach to this study has both strengths and weaknesses. A key strength of this approach is that we identify a specific problem that is relevant to practice and develop and demonstrate a systematic solution to that problem (Aken 2005) . Also, because we conduct our tests of the technology-supplemented counting process in the field, we have greater confidence that our results will generalize to other real-world settings (Bloomfield et al. 2016 ).
However, we acknowledge that our approach has weaknesses. Namely, we are able to conduct tests of the technology-supplemented counting process in only two settings, which prevents us from conducting statistical tests and limits our ability to generalize to other inventory counting settings (e.g. in warehouses) (Bloomfield et al. 2016) . Future research can overcome these weaknesses by studying the drone-counting process in laboratory settings (allowing bigger sample sizes and statistical tests) and by studying the technology-supplemented counting process in other inventory settings. Step 1: Capture Images
Step 2: Process Images
Step 3: Apply Counting Software
Step The sheep herder originally counted 3,181, but reviewed the knots tied in a rope that were used to keep track of 100 counts and decided after the count that one knot was a knot tied by a farm machine and did not represent 100 sheep. The sheep herders agreed to a final count of 3,070, but we record the average for computations since that is how we computed drone-assisted averages.
c Sheep herder counting is based on requiring 5 people to work for 55 minutes. Most stressful on animals because they must be physically moved. Performance is subject to weather constraints.
Requires assistance by employees (cowboys) to perform count Evidence can be revisited and easily analyzed and reinterpreted
More dangerous than other methods because of closer interaction with animals Process could be significantly enhanced (i.e., faster and possibly more accurate) if pens could be easily identified from air (e.g., spray paint pen numbers in or next to pens). Must sample to complete in a time effective way.
Additional gains may be possible by geo-tagging pens, automating the counting software, automating the flight plans, etc. 
